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(uε, pε) ∈ V ×Qex
ilo¡}Y-kuY$k
a(uε, v) + bε(v, pε) = 〈f, v〉V,V ′ ∀v ∈ V,



































(uε, pε) ∈ V ×Qap
imo}YkmYk
a(uε, v) + bε(v, pε) = 〈f, v〉V,V ′ ∀v ∈ V,















(uε,h, pε,h) ∈ V h ×Qhap
ilo}YkmY¡$k
a(uε,h, v) + bε(v, pε,h) = 〈f, v〉V h,V h′ ∀v ∈ V h,





















































V he = V





(uε,h, pε,h) ∈ V he ×Qhap
ilo}YkmY¡$k
a(uε,h, v) + bε(v, pε,h) = 〈f, v〉V h,V h′ ∀v ∈ V he ,











‖uε − uε,h‖H1(ΩR) 6 κ
√




















, v) + bε(v, pε,h
h
) = 〈f, v〉V h,V h′ ∀v ∈ V h,
bε(uε,h
h




















































u ∈ H1(ΩR \ Ωiε)
i]® k
u|∂Ωobs∪Γε = 0
n¡ ∀v ∈ H1(ΩR \ Ωiε) is® k v|∂Ωobs∪Γε = 0
∫
ΩR\Ωiε

























































V = {v ∈ H1(ΩR)
i]® k
v|∂Ωobs = 0 }.

































fv ∀v ∈ H10 (ΩR),
∫
Γε
quε = 0 ∀q ∈ H−1/2(Γε).










(uε, pε) ∈ V ×Qex
ilo}YkmY¡$kcvTo[^
a(uε, v) + bε(v, pε) = 〈f, v〉V,V ′ ∀v ∈ V






















qv, ∀(v, q) ∈ V ×Qex,
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‖uε − ũε‖H1(ΩR) 6 κ ε1/2.
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∂n + TRu0 = 0
zEn
ΓR
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v0 ∈ H1loc(ΩR \ {0})
	












∂n + TRv0 = 0
#
ΓR




































v0(x) = −iH(1)0 (k|x|) = −iJ0(k|x|) + Y0(k|x|)
L10(v0) = 1/i
Kn L0p(v0) = L1p(v0) = 0 |p| > 0
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Γε =
{x(r, θ) ∈ R2 | r = εγ(θ) } ®
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ΩN = {x(r, θ) ∈ R2 | r > γ(θ) }
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∣∣∣V0(r; θ) − (Y0,0 +
2
π
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V0(r, θ) = (Y0,0 +
2
π







eipθ , V0,p ∈ C
£
Y^sn














































im\qK¢­¢µzE©ilkuKs¢­^E§j\qzKru^¨rm^Qt°il^]¢­hq «zEr |x| > √ε §jkmY[^+imzK¢wojkut­zEnzK kuY[^%^[Kk
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/¢wzEim^akuz5kmY[^+im\¢w¢µzK©ilkuE¢w^K§? «zKr |x| < √ε/2 §?kmY^+ilzE¢­ojkut­zEnzK AkuY[^%^[Kk
[rmzE©[¢w^s\&iu$kutwil´^]i
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‖uε − ũε‖H1(Ω0) 6 κ ε.
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|q| kmY^n[zErm\ z yn=^]¢­^]\q^snTkcz  Qap §WnkuY[t°in[zErm\ £









(uε, pε) ∈ V ×Qap
imo}YkmYk
a(uε, v) + bε(v, pε) = 〈f, v〉V,V ′ ∀v ∈ V,
bε(uε, q) = 0 ∀q ∈ Qap.
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) ∀v ∈ V.
_zKkm^+twnNKrlkutwso[¢°r
kuY$k
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> β0 |q| ∀q ∈ Q.




































(i) |a(u, v)| 6 κ‖u‖V ‖v‖V ∀u, v ∈ V,
(ii) |bε(v, q)| 6 κ
√
ln 1/ε ‖v‖V |q| ∀(v, q) ∈ V ×Qap.
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f ∈ V ′ §jkmY^sru^¨^sjtwilkui
qo[ntwvTo[^%zEo[[¢w^ (uε, pε) ∈ V ×Qap ilo}YkmY¡$k]§
a(uε, v) + bε(v, pε) = 〈f, v〉V,V ′ ∀v ∈ V,






‖uε‖V 6 1α0 ‖f‖V ′























‖ũε − uε‖H1(ΩR) 6 κ ε1/2.
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‖uε − ũε‖H1(Ω0) 6 κ ε.



















































V ,  XY[^sru^^jt°i|k}i
σ+, σ− > 0
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 «zErn?h
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V h = { v ∈ C0(ΩR)
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(uε,h, pε,h) ∈ V h ×Qh
ilo}YkuY$kQ§
a(uε,h, wh) + b
ε(wh, p
ε,h) = 〈f, wh〉V,V ′ ∀wh ∈ V h,
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]0, h0[, ‖Πhv‖H1(ΩR) 6 2‖v‖H1(ΩR)
§EKn

























































f ∈ V ′ §jkmY^sru^¨^sjtwilkui5o[ntwvTo[^+szKo[[¢w^ (uε,h, pε,h) ∈ V h ×Qh imo}YkmYk
a(uε,h, wh) + b
ε(wh, p
ε,h) = 〈f, wh〉V,V ′ ∀wh ∈ V h


















‖uε − wh‖V .
‖pε,h − pε‖V 6
‖a‖
β0




‖uε − wh‖V .
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‖uε − wh‖H1(ΩR) 6 κ ‖uε‖Hs(ΩR) hs−1,
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(Γε) : r = ε.
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t¹  |x| > ε
J0(k|x|)





























fv ∀v ∈ H1(ΩR),
∫
Γε
quε = 0 ∀q ∈ C.
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ΩR \D(0, R′) = {x ∈ ΩR
k]® v
1 < |x| < 3 } §[¦£*¦hq «ruzK\9kuY[^+im\qK¢­¢µzE©ilkuKs¢­^
N rurmzEr
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= {u ∈ C0(ΩR) | ∃(v, α) ∈ V h × C
is® k







































(uε,h, pε,h) ∈ V he ×Qh
imo}Y-kuY$k
a(uε,h, wh) + b
ε(wh, p
ε,h) = 〈f, wh〉V,V ′ ∀wh ∈ V he
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‖uε − wh‖H1(ΩR) 6 κ(ε1/2 + h).




‖uε − ũε‖H1(ΩR) 6 κ ε1/2.
XY?oi]§j£/^%Y¦¥E^ckuY[^%^]ilkmtw\$ku^
infwh∈V he ‖uε − wh‖H1(ΩR) 6 κ ε1/2 + infwh∈V he ‖ũε − wh‖H1(ΩR),



















ψ̃ε(x) = χ0(x)(1 − χε1/2(x))
2
π













































ψε − ψ̃ε − wh‖H1(ΩR).






































ln |x|‖H2(ΩR) 6 κ ln 1/ε,
£






















6 κ ( ε1/2 + h ).




  Ê  Ê # #Uj Ç 1 )7,
+-, 	.( !












‖uε − uε,h‖H1(ΩR) 6 κ
√





f?tw\qt­¢°ru¢­hE§Koimtwn[%xyruzKIzEimt¹kut­zEn[® azK  w In A^s\q\ * ®w©Iz$¥K^K§K£/^]n5 «zKru\o[¢°$ku^%zEnilt°ilkm^sn¡h+ru^]imo[¢­k
 «zKr EruKn[K^a\o[¢­kmtw[¢wt­^]rui]®
  Ê  Ê # #Uj Ç 1 ) 2
+-, 	.( !












|pε − pε,h| 6 κ
√






















t­kmY N vToK¢­t­k|hÂCj® TÄimY[z$£i/kmYk







































TU@ Æ?Ê  Æ  1 ) 2








ψε = ∅  
 , 	 
 , 	  . !









‖uε − uε,h‖H1(Ω0) 6 κ (ε+ hq + ‖uε − uε,h‖H−p(Ω1)).

















‖uε − uε,h‖H1(Ω0) 6 ‖uε − uε‖H1(Ω0) + ‖uε − uε,h‖H1(Ω0) 6 κ ε+ ‖uε − uε,h‖H1(Ω0).
b=zErm^]z$¥K^srQ§?kuY[^szErm^]\9 «ruzK\&_ct¹k}im}Y[^+Kn)fj}Y$kuÁ \ ®wkmYk£/^ru^]sK¢­¢Wtwn=[I^sn[t¹µ§[h?tw^s¢°[i
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ΩR = D(0, 3)
§]\qzjjt­´^]%K©imzKru©[t­n*©IzKon[ruh
]^]`_"aBbced!f
















t¹  |x| 6 r0/3
P (|x|) t­  r0/3 6 |x| 6 2r0/3
0






















P (r0/3) = 1
§
P ′(r0/3) = 0
§
P (2r0/3) = 0n¡
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a(Ph(v), wh) = a(v, wh) , ∀wh ∈ V h
b=zErm^]z$¥K^sr*£*^[^´n[^
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  Ê0Ê?> 
X±K^/k|£*za´?^QqzKn¡i|k}nTkui
κ−, κ+ > 0
ilo}YkmY¡$k




















F h : K̂ → K kuY[^*kmr}nil «zKru\$kut­zEn%kmYk1ku±E^]ikmY^*ru^ «^]rm^]n^*^s¢w^s\q^]nEk1kuz K(h) ®XY[^]n

























|F h(x̂)|2 − P (x̂)
∣∣∣
2


















| EE (F hn)| dx̂ → 0 £
Y^sn n→ +∞.














































F = (F1, F2) ∈ P 21
Â«zEr ∈ Q21























∣∣∣ F1(x̂)|F (x̂)|2 − P (x̂)
∣∣∣
2






|F (x̂)|2 →|bx|→+∞ 0
£
































κh (1 + hq ln hε )










a(wv , w) =
∫
ΩR
























      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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 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twimYkmz7©IzKon ‖ψε − Ph(ψε)‖H1(Ω0)







tw¢w¢Poil^q-kmY[^]zKru^s\ z _t­kuiu}Y[^qn²fj}YkmÁ ­E C®½À^qru^]sK¢­¢kuY[twi
ru^]imo[¢¹k
twn=[I^sn[t¹µ®











 ‖δh(ψε)‖H1(Ω0) 6 κhq (1 + ln hε )















whv ∈ V h
iu$kmt°il «hTtwn[
a(wv , w) =
∫
ΩR
w v ∀w ∈ H1(ΩR)
^k
a(whv , wh) =
∫
ΩR






ε), wv) = a(δh(ψ
ε), wv − whv )
6 κ‖δh(ψε)‖H1(ΩR) ‖wv − whv ‖H1(ΩR)

















6 κ‖δh(ψε)‖H1(ΩR) hq .
¯t­n¡¢w¢­hE§[£/^±?n[z$£ÌkuY$k














































2 ε < R′ < R
®½À^q£
tw¢­¢¤imo[[IzEim^5kmYk
























‖δh(ψε)‖H1(ΩR\ΩR′ ) = ‖Ph(ψ
ε)‖H1(ΩR\ΩR′ ) 6 κh
































‖χ̃Ph(ψε) −Ph(χ̃Ph(ψε))‖H1(ΩR) 6 κ ‖χ̃Ph(ψε) − Πh(χ̃Ph(ψε))‖H1(ΩR)
6 κ ‖χ̃Ph(ψε) − Πh(χ̃Ph(ψε))‖H1(O)
6 κ ‖χ̃Ph(ψε)‖H1(O) 6 κ ‖Ph(ψε)‖H1(O)





nkuY[^c¢°Kilk/twn[^]vToK¢­t­k|h5£/^aoil^Q¢w^s\q\j® [®Pb=zKru^sz$¥E^srQ§©?hj^´nt¹kut­zEn7z  Ph §E «zKr*n?h vh ∈ V h §T£*^Y¦¥E^

















= a(ψε,Πhχ̃vh) = 0
£
Yktw\q[¢wt­^Qi
a(Ph(ψε), χ̃vh) = a(Ph(ψε), χ̃vh − Πhχ̃vh).









Ph(ψε)∇χ̃ · ∇vh − vh∇χ̃ · ∇Ph(ψε)
)∣∣∣ 6 κ ‖Ph(ψε)‖H1(O) ‖vh‖H1(ΩR),
|a(Ph(ψε), χ̃vh − Πhχ̃vh)| 6 κ ‖Ph(ψε)‖H1(O) ‖vh‖H1(ΩR).
`cimtwn[
inf − sup zKn¡jt¹kut­zEn)zKn a §j£*^%zK©[kutwn





‖Ph(ψε)‖H1(ΩR\ΩR′ ) 6 ‖χ̃Ph(ψ
ε)‖H1(ΩR)







































































iu}Y[^s\q^²Â«®wQÄ5jt­ºW^sr}i «ruzK\ kmY[^=ilkun¡[r}¸zEn[^³Â * ®wQÄzKn¢­h¼twnÌru^sEt­zEn ¢wzEim^kmzÀkmY[^=im\qK¢­¢
zK©¡i|k}K¢w^K®
     &-  %     !       #

















t­kmYÀrm^QilI^]kckuz ε n h ®aXYtwia£
t­¢w¢1©¡^oim^ «o[¢1twn=kmY[^5[ruz?z »izK 0^]\q\qEi
[® * n[® [®
XY[^=n[^s?ki|kuojh,twi7©Kim^],zKn kuY[^= «zE¢­¢wz$£
t­n³t°j^Q 	twn kmY^Nn[^stwKY?©IzKruY[z?zj·zK ¨kuY[^im\¢w¢zK©ilkuE¢w^
ψε(x) ' ln( |x|ε )1|x|>ε
n0§0\qz?[o[¢­zNimzK\q^km^]rm\i%ru^s¢°$ku^]=kuz)kmY[^5kurmo[n¡s$kut­zEn0§


































n¡ 〈δΓε ; v〉 =
∫
Γε
v , ∀v ∈ D(R2).
½³^%[rmzE¡zTil^jt°imsrm^skm^¥K^]ruimtwzKni*z kmY^]im^¨^QvTo$kut­zEnis§
g ∈ L2(R2) n 〈g; vh〉 =
∫
Γε
















K ∈ T ε,h0 }



























kmY^ilo\ K©¡z$¥E^%twia¢w£*¦hji£*^s¢w¢j^s´n[^]0®*n¡j^s^Q)t¹ y£*^+j^snzkm^ A(Oε,h) kmY[^5ru^]5z  Oε,h §It¹kct°i^QKimh7kuz[ruz$¥K^
kuY$kkuY[^sru^a^sjtwilkui*nzKn-Á]^sruztwnTkm^sE^sr

















6 (1 + κ)2h2


























































ϕiϕj i, j = 1 . . . I
ε,h
0























imo}YÌkmY¡$k ‖g‖L2(ΩR) > κh (
∑
i |gi|2)1/2


































O*)1 ) 2  Æ C  #»j0 = Æ Ë cÊ  Æ / 0U #
/zKn¡ilt°j^sr
G(x − y) = 12π ln |x − y|
®¤_zKkm^kuY$k
ψε = (G ∗ δΓε −
1
2π
















*    G   #" ?#
_zKkm^kuY$k
G ∗ g twiimzK¢wojkut­zEn-kuzkuY[^%[ruzK©[¢w^s\
G ∗ g ∈ H1(ΩR)
n¡ ∫
ΩR
∇(G ∗ g) · ∇v = −
∫
ΩR




































vh(ε, θ)dθ − 2
∫
ΩR
∇(ln |x|) · ∇χ0 vh −
∫
ΩR\Ωiε























(G ∗ g − 12π
∫
ΩR
gG ∗ g)(∆χ0 + k2χ0)vh.
X±?t­nkuY[^+jt­ºI^]rm^]n^zK kuY[^]im^¨k|£/zq^]vToK¢­t­kmtw^]i]§j£*^Krm^¢w^]kmz
a(ψε − ψh, vh) = −2
∫
ΩR
∇(ln |x| −G ∗ g) · ∇χ0 vh











(ln |x| −G ∗ g)(∆χ0 + k2χ0)vh.
¿a^´n[^+K¢wimz
u1, u2 ∈ H1(ΩR)
n¡
t(h) ∈ C ©?h
a(u1, v) = −
∫
ΩR
(ln |x| −G ∗ g)(∆χ0 + k2χ0)v , ∀v ∈ H1(ΩR)
a(u2, v) = −
∫
ΩR
2∇(ln |x| −G ∗ g) · ∇χ0 v , ∀v ∈ H1(ΩR)















































χ0 + u1 + u2.
\ sszKr}jtwn[kuzqkmY[^%¢wtwn[^]Krmt­k|hz  Ph §jkmY^sru^+¢°ilz5Y[zK¢°[i














zK 1¿a^]szK\qIzEimt¹kut­zEn²ÂCj® Ä¬§¡£/^+Krm^n[z$£ ©[¢w^kmzrmz$¥E^ A^s\q\7j®w¨kmYkc£
t­¢w¢0©I^+oim^ «o[¢
twn=fj^]¬kut­zEn)[®
 ¤Æ  · O ) , +2,     .( 
























ln hε + t(h)
)






‖δh(u1)‖H1(ΩR) 6 κh ‖u1‖H2(ΩR) 6 κh ‖(ln |x| −G ∗ g)(∆χ0 + k2χ0)‖L2(ΩR) 6 κ
‖δh(u2)‖H1(ΩR) 6 κh ‖u2‖H2(ΩR) 6 κh ‖2∇(ln |x| −G ∗ g) · ∇χ0‖L2(ΩR) 6 κ.
b=zErm^]z$¥K^srKi%kmY[^-sojkHzº· «o[n¬kut­zEn²twi¥K^sruhim\qzTzKkmY0§AkmY[^zKruru^]im¡zEnjtwn[^Qi|kut­\km^7jz?^]i+n[zk+r}t°il^KnTh
[ruzK©[¢w^s\)§
‖δh(χ0)‖H1(ΩR) 6 κ ‖χ0‖Hq+1(ΩR) hq.¯t­n¡¢w¢­hE§zEn^]rmn[twn[kmY[^%ru^sEo[¢°rut­Á]^]Izku^snTkmt°¢C§[£*^]n£
rmt­km^
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_z$£ £*^£
tw¢w¢1szK\q^+kuz-\qz?[^s¢z Ãkm^]noim^]t­n[ruE¬kutws^	¶zE¢­¢°n¡=k|h?¡^5im}Y^s\q^]i]§  K C®0^skaoij^s´n[^5
©[tw¢­twn[^Qr «zKru\
c : Qap ×Qap → C
©Th

















, v) + bε(v, pε,h
h
) = 〈f, v〉V h,V h′ ∀v ∈ V h
bε(uε,h
h




















t­kmY²kuY[^7$jt°i%z *kmY^7Krutw0® /zK¢w¢­twn[zNKn²b=t­¢w¢wzktwn  /[ruzKIzEim^]³=zEnEkut­n?o[zEoi%im^klkut­n§kmYk
^sn¡©[¢w^]ikmzÀrm^Qz$¥K^]r%kmY^¶czK¢w¢wKn¸iu}Y[^s\q^-twn¸kuY[^)sKim^-zK c=´nt¹ku^jt­ºW^sru^sns^jt°iuru^kmtwÁ]kmtwzKn0§1©[o[kqK¢wimz
]^]`_"aBbced!f
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, pε,h) ∈ V h × C ×Qh
ilo}YkmY¡$k
a(uε,hr , wh) + b
ε(wh, p






ε), pε,h) = 〈f, δh(ψε)〉V,V ′
bε(uε,h
r




























, wh) + b
ε(wh, p





































































 |dε,h| 6 κhq
  Ê0Ê?> 





®qXY^sru^^s?t°ilkui%nÀzKI^sn²il^sk O ⊂ ΩR \ imo[[ ψεimo}Y-kuY$kcimo[[





















ε)) 〈f, δh(ψε)〉V,V ′
a(δh(ψε), δh(ψε))




















ln 1/ε(1 + ln hε )















 ¤Æ  ·R9 )2
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− uε,hr ‖H1(ΩR) + |pε,h − pε,hh | 6 κhq






, pε,h − pε,h
h
) ∈ V h ×Qh
Knimkmt°i|´^Qi
a(uε,hr , wh) + b
ε(wh, p
ε,h) = 0, ∀wh ∈ V h
bε(uε,h
r
















− uε,hr ‖H1(ΩR) + |pε,h − pε,hh | 6 κ |dε,h| 6 κhq.
     *!5 &-#
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^k ‖ψε‖L2(ΩR) < κh
Â»® KÄ






t­¢w¢¤´¡n¢w¢­h²zE©jkuKt­n¸Kn¸^j[ru^]iuiltwzKn²¥E^sruh³s¢­zTil^kuzNkuY[^-zEn[^7IzKtwnEku^]·zKojktwn  * «zKr *rmkm^]imt°n
Krut°[is®











) + r(ε, h)
  Ê0Ê?>  ½³^+i|k}rmko¡iltwn[5kmY[^+[^´n[t­kmtwzKn)zK 
g

















































(Ph(χ0) − χ0) g = 2π +
∫
ΩR







































































∣∣∣∣ 6 ‖δh(ψh)‖L2(ΩR) ‖g‖L2(ΩR) 6 κh2 ‖ψh‖H2(ΩR)‖g‖L2(ΩR) 6 κ (h‖g‖L2(ΩR))2
]^]`_"aBbced!f




t°it­nY[^srut¹ku^]- «rmzE\ N vTo$kut­zEnÀÂU[® * Ä¬®
b=zErm^]z$¥K^srct¹ktwiaIzEiuiltw©[¢w^+kmz[ruz$¥Tt°j^5 «zKru\¢t­nTkm^]rmrm^sku$kut­zEnNz PkuY[t°iaru^s¢°$kut­zEn0® 0^k¨oi¨oim^vTo¢wt­ku$kut­¥E^
ruKo\5^]nTkui]®/zErmzE¢­¢°ruhNÂ«¡®­]Äimo[EK^]ilkui/kuY$k
uε,h ' ũε ®yb=zErm^]z$¥K^]r









































 ¤Æ  ·R9 ) 1
−b̆ε(δh(ψε))
a(δh(ψε), δh(ψε))
= 1 +O(h ln 1/h) 3 , 	 h→ 0




ε)) = a(ψε, δh(ψ
ε)) =
∫ 2π
0 Ph(ψε)(ε, θ)dθ − 2
∫
ΩR




ln |x|ε (∆χ0 + k
2χ0)δh(ψ
ε)













= 1 + 2
∫
ΩR

















‖∇(ln |x|) · ∇χ0‖L2(ΩR) 6 κ
^k ‖ ln |x|
ε
(∆χ0 + k






∇(ln |x|) · ∇χ0 δh(ψε)










∣∣∣ 6 κh ln 1/h
XY[t°i
¢w^]Ki¤kuzqkmY[^+[^]imt­ru^]rm^Qilo¢¹kQ®

















































ε/h = 10−4¯t­nt¹ku^+^s¢w^s\q^snTk}iz 1zKr}j^sr *
¯twKorm^qQ 	 /zKn?¥K^]rmE^sns^cz kmY^%rukmtwz5j^s´n[^Qtwn 0^]\5\q[® 




∣∣∣ 6 κh ln2(1/h).
  Ê0Ê?> 
`cimtwn[+Kiuilo\5[kmtwzKn V : §TzKn^
^]Kimtw¢­h5il^]^kmYk |bε(δh(ψε))| 6 κ ln 1/h ®1XYTo¡iPoimt­n[¢­^]\5\Eiy® +Knj® ?§[£*^zK©jk}twn-kuY[^+j^Qiltwrm^Q-ru^]imo[¢­k]®






























• £/^Q±?¢­h7[^sI^sn[izKnkmY[^%r}KjtwoizK AkmY^+ojk CzKºN «o[nkmtwzKn χ ®
cÆ $6 Æ 0  Æ q Ê?É j$ËÌ0














































































































= 〈f, wh〉V,V ′ , ∀wh ∈ V h
bε(uε,hr , qh) − Lε,hh c (
∂pε,h
∂t
, qh) = 0 ∀qh ∈ Qh.
XY[^+ilkmo[h7z kmY[^%rmzE¡^]rlkut­^Qi/zK 1imo}Y)qim}Y[^]\q^¨£
tw¢w¢0©¡^kuY[^+imo[©j{|^]kz 1 «zErlkuYzE\qt­n[q£*zKru±W®
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κ > 0
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‖H1(ΩR) > ‖uε − uε,hl ‖H1(ΩR) − ‖uε − uε,h‖H1(ΩR)
> inf
vh∈V h
‖uε − vh‖H1(ΩR) − ‖uε − uε,h‖H1(ΩR)
> |pε,hs | inf
vh∈V h
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κ2 > 0
imo}YkuY$k




imo}YkmYk ‖uε − uε,h‖H1(ΩR) 6 κ3
√
ln 1/ε (ε1/2 +




‖H1(ΩR) > |pε,hs | κ2 − κ3
√
ln 1/ε (ε1/2 + h).
`cimtwn[kuY[^¤ru^]imo[¢­kAz  A^s\q\[® 
©Iz$¥K^yKnkuY[^y »E¬kAkuY$k √







     À
	 













TU@ Æ?Ê  Æ 3 ) , 
	 
  #7( 
Ω0 ⊂⊂ Ω1 ⊂⊂ R2  u ∈ Hq(Ω1)  uh ∈ V h
 3 
 , V h = Pq
#"
Qq
    / /#G	  	# 
 , 

a(u− uh, vh) = 0
1 # " 
vh ∈ V h 	)
 ! / / vh ⊂ Ω1
+-, 	 
 , 	 .( !
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h ∈]0, h1] 
‖u− uh‖H1(Ω0) 6 κ
(
hq−1‖u‖Hq(Ω1) + ‖u− uh‖H−p(Ω1)
)
‖u− uh‖L2(Ω0) 6 κ
(
hq‖u‖Hq(Ω1) + ‖u− uh‖H−p(Ω1)
)
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V0 ∈ C∞(ΩN )
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ψ̃ε − wh‖H1(ΩR) 6 κ (ε1/2 + hq)















= (1 − χε1/2(x))
(














v0(x) = Y0(k|x|) + L10(v0) J0(k|x|) = Ỹ0(k|x|) +
2
π
J0(k|x|) ln |x| + L10(v0) J0(k|x|)


































+ Y0,0 + l
1
0(V0)













































































































= T ε1 (x)
















































¸j0 Ê / ÊQ> ‖T ε1 − wh‖H1(ΩR)
inf
wh∈V he
‖T ε1 − wh‖H1(ΩR) 6 inf
wh∈V he
‖u0 − u0(0) − wh‖H1(ΩR) + ‖χε1/2 (u0 − u0(0))‖H1(ΩR)
6 κ (hq + ε1/2 ).
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• 3 ]0
¸j0 Ê / ÊQ> ‖T ε2 − wh‖H1(ΩR)
inf
wh∈V he






‖Ỹ0(k| · |) − Y0,0 − wh‖H1(ΩR)





(hq + ε1/2 )
• 3 ]0
¸j0 Ê / ÊQ> ‖T ε3 − wh‖H1(ΩR)
inf
wh∈V he






‖J0(k| · |) − 1 − wh‖H1(ΩR)





(hq + ε1/2 )
• 3 ]0
¸j0 Ê / ÊQ> ‖T ε4 − wh‖H1(ΩR)
inf
wh∈V he











¸j0 Ê / ÊQ> ‖T ε5 − wh‖H1(ΩR)
inf
wh∈V he






















‖T ε1 + T ε2 + T ε3 + T ε4 + T ε5 − wh‖H1(ΩR) 6
inf
wh∈V h
‖T ε1 − wh‖H1(ΩR) + inf
wh∈V h
‖T ε2 − wh‖H1(ΩR)
+ inf
wh∈V h
‖T ε3 − wh‖H1(ΩR) + inf
wh∈V h
‖T ε4 − wh‖H1(ΩR) + inf
wh∈V h
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